The extent of virus transmission among individuals and species is generally determined by the presence of specific membraneembedded virus receptors required for virus entry. Interaction of the viral envelope glycoprotein (Env) with a specific cellular receptor is the first and crucial step in determining host specificity. Using a well-established retroviral model-avian Rous sarcoma virus (RSV)-we analyzed changes in an RSV variant that had repeatedly been able to infect rodents. By envelope gene (env) sequencing, we identified eight mutations that do not match the already described mutations influencing the host range. Two of these mutations-one at the beginning (D32G) of the surface Env subunit (SU) and the other at the end of the fusion peptide region (L378S)-were found to be of critical importance, ensuring transmission to rodent, human, and chicken cells lacking the appropriate receptor. Furthermore, we carried out assays to examine the virus entry mechanism and concluded that these two mutations cause conformational changes in the Env variant and that these changes lead to an activated, or primed, state of Env (normally induced after Env interaction with the receptor). In summary, our results indicate that retroviral host range extension is caused by spontaneous Env activation, which circumvents the need for original cell receptor. This activation is, in turn, caused by mutations in various env regions.
The extent of virus transmission among individuals and species is generally determined by the presence of specific membraneembedded virus receptors required for virus entry. Interaction of the viral envelope glycoprotein (Env) with a specific cellular receptor is the first and crucial step in determining host specificity. Using a well-established retroviral model-avian Rous sarcoma virus (RSV)-we analyzed changes in an RSV variant that had repeatedly been able to infect rodents. By envelope gene (env) sequencing, we identified eight mutations that do not match the already described mutations influencing the host range. Two of these mutations-one at the beginning (D32G) of the surface Env subunit (SU) and the other at the end of the fusion peptide region (L378S)-were found to be of critical importance, ensuring transmission to rodent, human, and chicken cells lacking the appropriate receptor. Furthermore, we carried out assays to examine the virus entry mechanism and concluded that these two mutations cause conformational changes in the Env variant and that these changes lead to an activated, or primed, state of Env (normally induced after Env interaction with the receptor). In summary, our results indicate that retroviral host range extension is caused by spontaneous Env activation, which circumvents the need for original cell receptor. This activation is, in turn, caused by mutations in various env regions.
Rous sarcoma virus | retrovirus | virus entry | envelope glycoprotein | receptor-independent entry T he emergence of novel infectious diseases is often associated with cross-species virus transmission. For example, wildlife viruses have caused such severe human diseases as AIDS, Ebola, severe acute respiratory syndrome (SARS), and influenza. However, the genetic mechanisms determining how viruses cross the species boundary and adapt to new hosts have not been properly understood (1). The ability of a virus to enter the host cell is the first and crucial step in determining host specificity. Viruses causing the above-mentioned diseases possess envelope class I fusion glycoproteins, and their entry into the host cell shares very similar features. There may be a yet unidentified universal mechanism of cross-species transmission.
For decades, avian retrovirus Rous sarcoma virus (RSV) has been a driving force in efforts to understand acutely transforming retroviruses. The establishment of proper cell culture conditions and an in vitro assay of RSV transforming activity have led to a generally accepted description of retrovirus entry, replication, composition, and genetics (2).
RSV belongs to avian sarcoma and leukosis viruses (ASLVs), which are part of the alpharetrovirus genus. RSV and the other ASLVs naturally infect only avian species; however, experimental RSV infection was achieved in hamsters and rats. Studies of RSV transforming activity in mammalian cells enabled the discovery of the tight association that exists between the viral genome and the genome of the transformed cell and corresponds to the RSV provirus state (3) (reviewed in ref. 4). Furthermore, mammalian RSV-transformed cells turned out to be virogenic, which means that they contain the virus genome but do not produce infectious viruses. The nonpermissiveness of mammalian cells can be overcome by cell fusion with permissive chicken cells that provide the necessary cell factors and thus rescue virus production ability (5, 6) .
Despite the significant contribution of RSV-transformed mammalian cells to our understanding of RSV life cycle, it is yet to be explained how mammalian cells were directly infected by avian retroviruses, despite lacking any of the known cell receptors required for ASLV cell infection.
ASLV cellular receptors have been well described; they are denoted as tumor virus (Tv) loci and are highly specific for individual virus subgroups (7) . The Tva receptor enables the infection of ASLV subgroup A (ASLV-A) (8) , Tvc is the receptor for ASLV-C (9), Tvj is the receptor for ASLV-J (10), and various Tvb alleles confer sensitivity to the B, D, and E subgroups (11, 12) .
To understand how RSV entered mammalian cells, we had to focus on the structure of the viral Env, which enables the virus to enter the cell (13) and whose alterations are responsible for changes in the virus host range. ASLV mutants with extended host ranges, including mammalian tropism, were observed in experiments aimed at overcoming avian subgroup barriers (14, 15) or at characterizing viruses that had escaped a block produced by HR2-based inhibitor treatment in chicken cells (16) . Mutations were found in the host range region 1 (hr1) of the SU Env subunit or in the heptad repeat region 1 (HR1) of the transmembrane (TM) Env subunit.
In this paper, we investigate mutations in the Prague RSV subgroup C (PR-RSV-C) env gene passaged twice through rodents (H20-RSV). We have identified a series of env mutations
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that do not match the already described mutations extending the host range. Two of these, in particular a mutation located in the fusogenic peptide, facilitate RSV entry into mammalian cells. We show that the envelope glycoprotein of H20-RSV (EnvH20) has changed its conformation, contains reactive thiolate, and is able to bind liposomes even in the absence of receptor priming. We therefore propose that mutations found in the H20-RSV env are responsible for the Env activation that normally follows receptor binding and that they endow the envelope glycoprotein with a conformation that allows the H20-RSV virus to infect cells in the absence of an appropriate receptor.
Results
Mutations in the Mammalian-Passaged RSV env Enable Virus Entry into Hamster Cells. Because the retroviral Env plays a decisive role in virus entry, we decided to assess the env gene structure of PR-RSV-C passaged twice through rodents and to compare its composition with PR-RSV-C passaged in chicken only. The first rodent passage was done in rats, generating the XC-RSV provirus, whereas the second passage was done in hamsters, yielding the H20-RSV provirus (Fig. 1A) .
To our surprise, the eight amino acid substitutions found in the rodent-passaged H20-RSV did not match the already described mutations responsible for the ASLV extended host range. The latter mutations were observed in the hr1 region of the SU Env subunit (14, 15) and in the HR1 region of the TM Env subunit (16) (Fig. 1B) . The next question concerned the origin of these env mutations. Using virus rescued from rat XC cells (XC-RSV), we verified that all of the eight mutations were already present before the second mammalian passage (done in hamsters). Using PCR, we synthesized and sequenced proviral env genes in XC cells and showed that the same mutations were present in the original XC proviruses, matching those in the rescued XC-RSV (Fig. 1C) . It should be noted that XC cells contain multiple proviruses (20) ; however, all of the env sequences we obtained uniformly contained the eight mutations. This observation shows that mutations in env were selected already in the first round of mammalian cell infection and that at least some of these mutations might affect RSV entry into mammalian cells.
To compare the ability of viruses to enter mammalian cells, we measured the amounts of the newly made viral DNA synthesized in the NIL hamster cell line and its derivative NIL-Tvc (equipped with the Tvc receptor) at different intervals after infection with PR-RSV-C and H20-RSV. For both viruses, viral DNA was efficiently synthesized in NIL-Tvc ( Fig. 2A) . After infection of NIL cells with H20-RSV, we detected approximately one log order less of viral DNA. However, a sharp two-log decrease in viral DNA level was observed when NIL cells were exposed to PR-RSV-C (on day 9 after infection, no viral DNA was detected), indicating that H20-RSV was more efficient in triggering viral DNA synthesis than the original PR-RSV-C. In subsequent experiments, we used RSV-based retroviral vectors, denoted replicationcompetent ASLV long terminal repeat with a splice acceptor (RCAS) (21) . The env gene in the RCAS-EnvC-GFP vector originates from PR-RSV-C, and the env gene in the RCAS-EnvH20-GFP vector originates from H20-RSV (Fig. 2B) . As shown in Fig. 2 C and E, this substitution enabled the infection of NIL cells and resulted in a three-order-of-magnitude increase in NIL cell infection over the limit of detection (which represents a background signal from uninfected NIL cells in flow cytometry measurements). Similarly, when we compared the ratio of NIL to NIL-Tvc infection, we observed a significant increase in the case of RCAS-EnvH20-GFP (Fig. 2D) .
To assess the role of individual mutations, we subdivided the H20-RSV env gene into four parts using suitable restriction sites (Fig. 3A) . Individual restriction fragments then replaced the corresponding regions of RCAS-EnvC-GFP vector. Either part 1 (encompassing the SU region upstream of the vr1 variability region and containing the D23G mutation) or part 4 (spanning the TM region and containing the L378S, G464S, and L503V mutations) were sufficient to enable entry into NIL cells, with the efficiency of infection being more than one or two orders of magnitude over the limit of detection ( Fig. 3 B and C) .
Because part 4 harbors three mutations, we applied sitedirected mutagenesis to introduce these mutations into RCASEnvC-GFP (Fig. 3A ). The mutated viruses were then tested for NIL infectivity (Fig. 3B) , with the data presented as a ratio of NIL/ NIL-Tvc infection (Fig. 3C) . Unequivocally, the L378S mutation in the fusion peptide played a decisive role in the increased NIL cell infectivity. In summary, we show that H20-RSV mammalian tropism is caused by mutations in Env, particularly D32G or L378S. Both of these mutations can separately facilitate entry into hamster cells.
D32G and L378S Mutations Enable Virus Entry into Human Cells and
Receptor-Deficient Chicken Cells. We extended our observations to human cells, namely, human embryonic kidney cells (HEK293) and human telomerase reverse transcriptase (hTERT)-immortalized retinal pigment epithelial cells (RPE1-hTERT) (Fig. 3D) . Surprisingly, HEK293, in contrast to RPE1-hTERT cells, were significantly more sensitive to RCAS-EnvC-GFP infection than NIL cells. However, the highest infection efficiency was observed, in both human cell lines, with the RCAS chimera harboring the H20 env gene. The increased infectivity was clearly mediated by parts 1 and 4 of the H20-RSV env gene. The importance of the L378S mutation in the fusion peptide was confirmed using the aforementioned RCAS vector with this mutation.
Furthermore, we wanted to know whether our mutations that arose in rodents were similarly efficient in infecting chicken cells lacking the corresponding receptor. For subgroup C, to which PR-RSV-C belongs, we used line 15 (L15) chicken cells, in which the tvc receptor gene was inactivated by a mutation introducing a premature stop codon (9) . Although the virus with EnvC could not infect L15 cells, the virus with EnvH20 was able to enter these cells with an efficiency of two orders of magnitude higher over the limit of detection (Fig. 3D ). The D32G mutation had a very mild effect (construct EnvC-H20Part1), whereas mutation in the fusion peptide (construct EnvC-H20Part4, L378S) was almost as effective as the entire H20 env gene (Fig. 3D ).
H20 Envelope Glycoprotein Has an Altered Conformation Similar to a
Receptor-Primed Activated State. For the RCAS-EnvH20-GFP virus, we observed significant loss of infectivity in permissive cells (NIL-Tvc, DF-1) in comparison with the RCAS-EnvC-GFP virus ( Fig. 2C and Fig. S1A ). Such a drop in infectivity might have been caused by lower virus production or by decreased infectivity of the virus produced. To distinguish between the two options, we tested reverse transcription activity (Fig. S1B ) and virus-like particle (VLP) formation (Fig. S1C) , observing a very small difference between the two viruses. This finding indicates that the virus production being comparable, the RCAS-EnvH20-GFP virus particles are less infective than RCAS-EnvC-GFP. Because the two viruses differ only in the env gene, these results suggest that EnvH20 is less stable or less efficient in facilitating virus entry.
Next, we applied a treatment to explore the stability and conformation of the RCAS-EnvH20-GFP virus. The first approach, which was originally introduced by Bova-Hill et al. (22) , was based on thermostability testing. The infectivity of RCAS-EnvH20-GFP substantially decreased with the time of exposure to 44°C as measured by both flow cytometry and viral DNA quantification (Fig. 4A) .
This observation prompted us to test whether EnvH20 is constitutively activated in a way similar to receptor priming. It has previously been shown that a virus activated by a soluble receptor is very unstable at low pH (23) . Therefore, we tested RCAS-EnvH20-GFP and discovered that it behaved similarly to a receptor-primed virus and that it was almost completely inactivated by low-pH treatment, in contrast to RCAS-EnvC-GFP, which remained stable at low pH (Fig. 4B) .
Next, we used a biochemical assay to test the oligomeric state of the Env TM subunit. It has been determined that the ASLV Env TM is in a metastable conformation. Env TM from purified virions lysed with buffer containing 1% SDS and 5% β-mercaptoethanol migrate in SDS/PAGE as a monomer (approximately 30 kDa) at both neutral and low pH. After receptor priming, Env is refolded, but at neutral pH the conformation detected in SDS/ PAGE is still predominantly monomeric. After low pH treatment of receptor-primed Env, additional rearrangement occurs and TM forms SDS-resistant oligomers, which can be detected by SDS/PAGE and migrate at around 70-150 kDa (23, 24) . TM oligomerization can also be triggered by heat treatment, and it has been shown that if the Env is in the receptor-primed state, the temperature for TM oligomerization is lower than for unbound Env (24) . We analyzed the temperature threshold that triggers TM oligomerization and observed only a small difference between EnvC and EnvH20. Envs of both viruses formed small amounts of TM oligomers even at low temperature (25°C); these amounts increased with temperature (Fig. 4C) . We then compared the ability of EnvC and EnvH20 to form TM oligomers at neutral pH and low pH at room temperature. In both cases, a certain amount of TM oligomers formed at neutral pH; however, EnvH20 TM oligomerization was clearly stronger following low pH treatment than that of EnvC (Fig. 4D ). This observation shows that EnvH20 behaves like an Env in the receptor-primed state and has a conformation that enables the triggering of TM oligomerization by low pH.
Moreover, we showed that RCAS-EnvH20-GFP is able to bind liposomes without receptor priming, in contrast to RCAS-EnvC-GFP (Fig. 4E ). It has been described that after being activated with a soluble receptor, ASLV Env changes conformation and the fusion peptide is exposed and can be inserted in liposomes composed of phosphatidylcholine and cholesterol. These virus-liposome complexes can be detected by density gradient centrifugation, in which the liposomes float on top of the gradient and virions migrate to its bottom (25) . In the case of RCAS-EnvH20-GFP, we observed some virions (detected by virus protein p27) on the top with liposomes; in contrast, all RCAS-EnvC-GFP virions were detected in the bottom fraction (Fig. 4E) , showing that EnvH20 can form virusliposome complexes and supporting the conclusion that EnvH20 behaves similarly to Env in the receptor-primed state. Finally, we tested whether infection can be inhibited by the thiol-specific alkylating reagent PEG-maleimide-biotin (PMB); the maleimide group reacts specifically with reduced thiols to form stable thioether bonds. It has been shown that receptor priming induces formation of reactive thiolate in SU, and, consequently, that the virus becomes prone to PMB inhibition when incubated with a soluble receptor (26) . We show that RCASEnvH20-GFP was inhibited by PMB, in contrast to RCAS-EnvC-GFP, whose infectivity was inhibited only partially at the highest PMB concentration (Fig. 4F) . Stronger PMB inhibition indicates that EnvH20 has an exposed thiol as seen in the receptor primed state. In summary, all these experiments show that EnvH20 has similar features as a receptor-primed Env.
The Level of Env Activation Correlates with the Efficiency of ReceptorIndependent Entry. To determine how individual mutations contribute to Env activation, we analyzed the sensitivity to pH inactivation and PMB-induced inhibition of RCAS-GFP viruses harboring EnvC and EnvH20 chimeras. We observed that the SU D32G mutant virus that exhibited less efficient entry into mammalian cells was inactivated at low pH and was inhibited by PMB only partially. The virus with a fusion peptide mutation enabling more efficient entry into mammalian cells exhibited more pronounced PMB inhibition and low pH-induced virus inactivation. The most sensitive virus to both the aforementioned inhibitory assays was RCAS-EnvH20-GFP, which contains the entire EnvH20 with both mutations (Fig. 5 A and B) . In both assays, we observed that the level of inactivation and inhibition correlated with the ability to enter mammalian cells (Fig. 5 C and D) . As both these assays should reveal the degree of Env activation, we conclude that the level of Env activation correlates with the efficiency of receptorindependent entry.
Mutation in TM Subunit Facilitates Entry into Mammalian Cells
Regardless of SU Subgroup. Because the L378S mutation in TM of EnvH20 was sufficient for virus entry into mammalian cells, we next examined whether TM-H20 could facilitate mammalian cell infection also with an SU subgroup different from SU-C. We prepared RCAS virus with SU-B combined with EnvH20-TM and analyzed its ability to enter human RPE1-hTERT cells. As shown in Fig. 6A , in contrast to the original virus RCASBP-B-GFP (RCAS with Bryan polymerase, Env subgroup B) the virus with TM-H20 and SU-B (EnvB-H20Part4) was able to infect human cells almost as efficiently as the virus with TM-H20 and SU-C (EnvC-H20Part4). To confirm that the ability to infect human cells was, as shown above with other viruses, coupled with Env activation, we tested the sensitivity of EnvB-containing viruses to PMB inhibition. In contrast to RCASBP-B-GFP, the virus with EnvB-H20Part4 was significantly inhibited by PMB, to almost the same extent as the virus with EnvC-H20Part4 (Fig. 6B) .
These results show that the TM mutation found in EnvH20 causes Env activation and enables mammalian cell infection even when combined with SU-B. This supports our hypothesis that the extended host range is due to Env activation and not to a new mammalian receptor recognition.
Discussion
To elucidate the mechanisms enabling cross-species virus transmission, we analyzed genetic changes in the RSV avian retrovirus variant that repeatedly infected and transformed mammalian cells. We thus followed the strategy of original virus reconstruction after repeated passaging across a class barrier. According to the classical definition, we dealt with a post hoc ergo propter hoc situation.
It is generally known that the retroviral Env is responsible for virus entry into the cell, enabling, as the first step, its interaction with a specific cell surface receptor (13) . We therefore analyzed the env gene structure and identified a total of eight amino acid substitutions in rodent-passaged RSV (H20-RSV). We found the same changes in XC cell-harbored proviruses representing the first mammalian passage. The same pattern of amino acid substitutions remained during the second cycle of rodent cell infection; therefore, we assumed that the amino acid changes identified played a role in the virus ability to infect receptor-deficient cells.
The amino acid substitutions identified in EnvH20 did not match the previously described ASLV mammalian-tropic mutants (14-16, 27, 28) , reviewed by Coffin (29) . We therefore proceeded to assess the contribution of each individual substitution by testing its effect in the NIL hamster cell line infection. Two of them were found to be of decisive importance, namely, a substitution (D32G) upstream of the vr1 region and another substitution (L378S) at the end of the fusion peptide (Fig. 1) . In general, two distant env mutations can exert a joint effect in some env recombinants (30) . We found that a greater role was played by the amino acid substitution in the fusion peptide; however, cell lines (especially human) varied as to their sensitivity. For example, the sensitivity of RPE1-hTERT cells followed the pattern observed in NIL, with the following two differences: (i) viruses with mutations enabling an extended host range were even more efficient (the percentage of infected cells was more than one order of magnitude higher than in NIL cells), and (ii) both amino acid substitutions (D32G and L378S) contributed to the RPE1-hTERT infection almost equally. HEK293 cells were found to be sensitive even to the original RCAS-EnvC-GFP (env gene from PR-RSV-C), in contrast to their background-level sensitivity to PR-RSV-B (14) . The increased sensitivity of HEK293 cells to subgroup C viruses is reflected by an increased background level in the virus entry efficiency assays. However, the virus with EnvH20 as well as the virus with the two aforementioned mutations retained the highest infection efficiency for HEK293 cells. It should be noted that there are significant differences in sensitivity of individual human cell lines to HIV infection, which have not been fully explained so far (reviewed in ref. 31 ). Some of these differences can be explained by low-affinity Env interactions with adhesion molecules such as heparin sulfate proteoglycans. These interactions alone do not trigger Env conformational changes required for entry; however, they are important for virus attachment and significantly increase infectivity (32) . We can only speculate about the role of the cell membrane lipid bilayer variation among cell lines, but it is already known that various cell membrane components are cooperative in their interaction with viral Gag (33) . These interactions might be a source of variation of cell line susceptibility and might play a role in ASLV Env interaction.
ASLV entry has been studied in detail and it has been shown that ASLV Env uses a two-step fusion activation mechanism.
Persuasive evidence supports the view that the ASLV Env, specifically its SU part, interacts with a cell receptor at neutral pH, resulting in Env conformational changes, heptad repeat exposure, and fusion peptide insertion in the cell membrane (13, (34) (35) (36) , reviewed in ref. 37 . It has previously been determined that the formation of reactive thiolate on Cys-38 is another essential consequence of receptor priming (26) . The second step is dependent on acidic pH (23, 38, 39) , which initiates further conformational alterations, six helix bundle (6HB) formation, and permits fusion between the virus and the cell membrane (39) .
The existence of a stable receptor-primed intermediate form of ASLV Env is supported by several lines of evidence. For example, ASLV remains stable for many hours in cells that are transiently blocked with lysosomotropic agents increasing endosomal pH (23, 40) . Another example is ASLV inhibition with a heptad repeat peptide (called R99), which can block virus infection when added at the cell surface (38, 41) . Env conformation is probably paused in a pre-6HB conformation, following the insertion of the fusion peptide into the target membrane and before acidic pH triggering.
Particular events occurring after receptor priming have been described by assays based on the incubation of the virus with a soluble receptor. The receptor-primed virus becomes highly unstable at low pH (23) and its conformation changes. Consequently, the virus can now bind liposomes via the fusion peptide insertion (25, 34) and Cys-38 reactive thiolate is formed (26) . Subsequent low pH triggering of the receptor-primed ASLV Env results in the formation of SDS-resistant 6HB oligomers (24) . Moreover, it has been shown that the virus primed with a soluble receptor was able to enter receptor-deficient cells (42) .
It was tempting to speculate that the virus mutants that were able to enter receptor-deficient mammalian cells had Env glycoprotein conformational changes normally triggered by the Env-receptor interaction. The study of the thermostability of PR-RSV-C and mammalian-tropic Schmidt-Ruppin RSV strain (SR-RSV-D) (22) gave us the first hint. In line with our results, the virus harboring PR-RSV-C Env (EnvC) was thermostable, but the infectivity of the virus with SR-RSV-D Env decreased with time of exposure to 44°C. In contrast to EnvC, our mutant with EnvH20 behaved like the thermosensitive SR-RSV-D. Next, we tested whether EnvH20 had similar characteristics to a receptor-primed Env. We showed that the virus with EnvH20, in contrast to the virus with EnvC, can be inactivated by low pH and is efficiently inhibited with PMB, which blocks reactive thiolates. Furthermore, EnvH20, in contrast to EnvC, is able to bind liposomes, and its TM subunit oligomerization is triggered by low-pH treatment were incubated at 37°C for 30 min with increasing concentration of PMB. The titers were determined on DF-1 cells by flow cytometry 2 d after infection. Titers below the limit of detection are marked with "<". Error bars show the SD of two independent experiments in parallel. Significant differences are marked by asterisks (**P = 0.01-0.001, ***P < 0.001). NS, not significant. (Fig. 4) . All these observations show that EnvH20 behaves as a receptor-primed Env.
To identify the contribution of particular mutations to Env activation, we tested how efficiently EnvC-H20 chimeras are inactivated by low pH and inhibited by PMB. We determined that the greater their efficiency in mammalian cell infection, the greater their sensitivity to low pH and PMB inhibition (Fig. 5) . Therefore, the level of Env activation correlates with the efficiency of receptor-independent entry. Conformational transition from an unbound state of Env to an active (primed) state requires energy to overcome an activation barrier (43) . We hypothesize that Env-activating mutations decrease this activation barrier, so the Env can be activated spontaneously, which would explain why we detect only a certain proportion of activated Env and that its amount is dependent on the particular mutations.
Other mammalian-tropic ASLV mutations have been found in hr1 in SU and HR1 in TM. These mutants with extended host range were originally discovered in experiments aimed at overcoming avian subgroup barriers (14, 15) or at characterizing viruses that had escaped a block produced by the R99 peptide (HR2-based inhibitor) treatment (16) ; their ability to infect mammalian cells was observed as a side effect.
Alterations in the fusion peptide have also been observed in other ASLV mutants. A study (44) selected for ASLV with a decreased pH threshold of membrane fusion activation, revealing that mutations in hr1 and in the fusion peptide region influence the threshold. Its authors suggest that the increased acid requirement exhibited by mutants may be due to their increased stability. In contrast, our study indicates that mutations in the fusion peptide can also destabilize Env. Another mutation in the fusion peptide was identified after selecting for improved replication capacity of an ASLV mutant that lacked critical cysteine residues flanking the fusion peptide. The mutant Env was unable to form stable TM oligomers, and a positively charged mutation in the middle of its fusion peptide partially restored this ability (45) .
Together with our present data, the mammalian-tropic ASLV mutations reported so far span the entire env region and target different Env domains (upstream from vr1, hr1, fusion peptide, and HR1). In contrast, ASLV interacts with the corresponding avian receptors mainly through two host range (hr) regions (46) . The extent of the env mutations contributing to mammalian tropism does not support the involvement of a specific unknown receptor. This is also corroborated by our finding that the mutations residing in H20-TM can facilitate human cell entry mediated by SU-B, which recognizes an avian receptor different from the one recognized by SU-C (Fig. 6) .
Taken together, we detected two mutations (D32G and L378S) in different regions of Env, which contribute to its activation (Fig.  7) . We propose that these mutations change the Env conformation, in such a way that the Env activation barrier is decreased and Env can be spontaneously activated in a way similar to activation caused by receptor binding. We hypothesize that due to the spontaneous Env activation, low-affinity Env interactions with currently unknown molecules commonly present on the cell surface are sufficient to mediate the virus entry. Because the virus circumvents the need for Tvc or another cognate receptor required for Env priming, it is also able to enter the cells of various receptor-deficient species.
Mutations leading to host range extension have been described in envelope glycoproteins of other retroviruses (mouse mammary tumor virus, Moloney murine leukemia virus) (47, 48) . Although these mutations are located in the SU part of Env and the authors hypothesize that they could be associated with a new host receptor binding, we cannot exclude the possibility that such mutations Fig. 7 . Proposed model of receptor-independent entry. (Left) Viral Env is normally activated by binding with the receptor. Activated Env takes a conformation enabling further changes that occur at low pH in endosomes and lead to viral and cell membrane fusion. (Middle) Mutations D32G and L378S change EnvC conformation and shift Env close to the active state, which normally follows receptor priming. These viruses are therefore able to be spontaneously activated with efficiency, depending on the mutation type. After low pH exposure, activated Env facilitates viral and cell membrane fusion. (Right) Consequences of Env activation can be observed in different steps. The level of Env activation positively correlates with increased formation of reactive thiolate and decreased stability at low pH. After activation, the conformation is changed: Heptad repeats are exposed and the fusion peptide is inserted into the liposome membrane. After low pH treatment, formation of the six-helix bundle can be determined by TM oligomerization assay.
influence the Env activation too. Lentivirus transmission to new species has been studied mainly in relation to host-encoded restriction factors. Nevertheless, the study of HIV Env mutants responsible for the infection of cells lacking the CD4 virus receptor provided evidence that important mutations were not located only in SU subunit, where subsequently a coreceptor binding site was revealed, but also some mutations were located in TM subunit (gp41) (49) . Similarly, mutations in gp41 influence the virus infectivity and fusogenic activity (50) . Furthermore, it has recently been shown that HIV Env mutations in gp41 associated with CD4-independent infection promote the exposure of the HR1 peptide on the gp41 and increase the overall sensitivity of HIV to impairments such as exposure to cold and the binding of antibodies and small molecules (51) . Moreover, the Env conformation of some CD4-independent SIV strains is similar to constitutively "open" conformation of HIV-1 when it is bound to CD4 (52) .
Other viruses with class I fusion proteins have exhibited an extended host range following the mutation of their fusion subunits. In the case of coronaviruses, there are several hints that mutations in S2 (analogous to the retrovirus TM subunit) are associated with the ability to infect receptor-deficient cells. Similar mutations identified in the mouse hepatitis virus (MHV)-at the junction between its fusion peptide (called PP3) and HR1-resulted in an expanded host range, which included hamsters (53) . In a way similar to our findings, the substitutions at the PP3-HR1 junction can be coupled with substitution at the beginning of SU. Furthermore, it has been shown that the heptad repeat region was a major target of adaptive evolution in MERS-CoV-related viruses (54) .
A broad range of extended host range mutants suggests that such mutants may represent a first step in cross-species transmission. On the one hand, the env mutations described enable the virus to infect receptor-deficient cells; on the other hand, they interfere with virus infectivity by destabilizing Env and, probably, by increasing the accessibility of Env to neutralizing antibodies. Additionally, it has been shown that some ASLV extended host range mutants have enhanced cytopathogenicity (27) . Therefore, the infection of mammalian cells by RSV represents a convenient system for the detection of the first events in cross-species transmission evolution due to the fact that RSV is not able to replicate in mammalian cells. We suppose that in a permissive system the virus would quickly adapt to new conditions. ASLV evolved to use different avian receptors and it is possible that such mutants as described here serve as intermediates in the virus adaptation for a new host receptor. Hypothetically, these Env-activating mutations enable the initial infection of a hitherto resistant host. Once the virus achieves good conditions for its replication, the Env can adapt for a new high-affinity receptor and the virus returns back to receptor-dependent Env activation.
Apart from mutations in env, we also analyzed other mutation in H20-RSV. We identified a few changes relative to the PR-RSV-C sequence (GenBank V01197.1) in gag (T221P, A1638G, and A2293G), pol (G3645A and G4947A), src (insertion of AGG in position 7248, A7410G, A7977G, G8087A, and A8226G), and LTR (G918A). None of these mutations influenced H20-RSV infectivity, as the virus rescued from H20 cells replicated and transformed chicken cells efficiently. In this analysis, we did not consider substitutions in H20-RSV that lead to synonymous mutations and amino acid substitutions occurring in other ASLV subgroups.
As mentioned above, the RSV mutants entering mammalian cells do not represent "adapted" viruses replicating in host cells and transmissible among individuals, such as the duck-adapted RSV (55) . Although the virus is able to enter the cell and integrate the proviral DNA, its replication is hampered in later stages of infection (5), preventing or highly suppressing virus production. For tumor induction, newborn hamsters had to be inoculated again with tumor cell suspension derived from chicken sarcoma induced by the virus rescued from rat XC cells (56) . The live cell application could significantly augment and prolong virus infection. Virus-producing chicken cells can also associate with the host mammalian cells, as proposed by Svoboda and Chyle (57), allowing direct virus transfer from cell to cell via intercellular bridges or exosomes (reviewed in refs. [58] [59] [60] . Both processes may act either independently or jointly.
In summary, the identification of mammalian-tropic mutants enabled us to explore the molecular mechanisms responsible for virus entry into nonpermissive cells. What complements of the chicken cell genome are required for an increase or establishment of mammalian cell permissiveness to RSV replication is a subject of our ongoing investigation.
Materials and Methods
XC and H20 Cell Line Origin. XC and H20 are rodent tumor cell lines transformed with the PR-RSV-C strain. The rat XC cell line harbors several provirus copies per genome (20) , whereas the hamster H20 cell line possesses only a single provirus (61) . Both cell lines produce either no or negligible infectious virus (3, 56). The XC cell line is derived from a tumor that was induced by inoculation of PR-RSV-C-infected chicken tissues into newly born rats (62) . The H20 cell line was prepared in a similar way with the difference that chicken sarcoma tissue induced by XC-RSV, which was rescued by transfection from XC cells, was inoculated into newly born Syrian hamsters (56) .
TM Oligomerization Assay. The TM oligomerization assay was performed similarly as previously described (23, 24, 45) . The temperature threshold that triggers TM oligomerization was determined by incubating the purified virions in HN buffer [10 mM Hepes, 130 mM NaCl (pH 8.0)] at the indicated temperature for 20 min before lysis with Laemmli loading buffer (1% SDS, 10% glycerol, 0.1 M Tris-Cl, pH 6.8, 0.1% bromophenol blue, 5% β-mercaptoethanol). The pH of HN buffer with virions was adjusted with predetermined volumes of 100 mM Hepes (pH 3.8 or 7.4), and the samples were incubated at room temperature for 30 min. The samples were then neutralized with 1 M Tris (pH 7.6 or 9.5), lysed with Laemmli loading buffer, and analyzed by immunoblotting after SDS/PAGE in 11% polyacrylamide gels with a rabbit antibody specific for the carboxyl terminus of the TM subunit of ASLV Env (1:1,000) (23).
Virus Liposome Binding Assay. The virus liposome binding assay is a modification of the protocol previously described (39) . A total of 10 5 GFP-transducing units of each virus in 100 μL of cultivation media was incubated with 250 μL of liposomes (5 mM) at 37°C for 30 min. A total of 350 μL of ice-cold 80% sucrose-PBS was added to the preparation to bring it to 40% sucrose, and 700 μL of this solution was layered on 3.2 mL of 50% sucrose-PBS and overlaid with 1 mL of 30% sucrose-PBS and 100 μL of 5% sucrose-PBS. The samples were ultracentrifuged at 152,000 × g at 4°C for 2 h. Three 400-μL aliquots followed by one 600-μL aliquot were taken from the air-liquid interphase. The top 400 μL and the last 600 μL (fraction above 50% sucrose, called bottom) of each sample were mixed with 5× Laemmli loading buffer, boiled for 10 min, and separated in 13% SDS/PAGE. The presence of virions was detected by immunoblotting with the anti-ASLV rabbit p27 Antiserum (Charles River Laboratories, 1:1,000).
Statistical Analysis. We performed Welch t test to determine significance of difference in virus infectivity. In graphs, significant differences are marked by asterisks (*P = 0.05-0.01, **P = 0.01-0.001, ***P < 0.001).
